The respiratory tract is exceptionally well defended against infection from inhaled bacteria, with multiple proinflammatory signaling cascades recruiting phagocytes to clear airway pathogens. However, organisms that efficiently activate damaging innate immune responses, such as those mediated by the inflammasome and caspase-1, may cause pulmonary damage and interfere with bacterial clearance. The extracellular, opportunistic pathogen Pseudomonas aeruginosa expresses not only pathogen-associated molecular patterns that activate NF-κB signaling in epithelial and immune cells, but also flagella that activate the NLRC4 inflammasome. We demonstrate that induction of inflammasome signaling, ascribed primarily to the alveolar macrophage, impaired P. aeruginosa clearance and was associated with increased apoptosis/pyroptosis and mortality in a murine model of acute pneumonia. Strategies that limited inflammasome activation, including infection by fliC mutants, depletion of macrophages, deletion of NLRC4, reduction of IL-1β and IL-18 production, inhibition of caspase-1, and inhibition of downstream signaling in IL-1R-or IL-18R-null mice, all resulted in enhanced bacterial clearance and diminished pathology. These results demonstrate that the inflammasome provides a potential target to limit the pathological consequences of acute P. aeruginosa pulmonary infection.
Introduction
The innate immune response to inhaled bacteria is a complex, highly regulated set of signaling events that ideally result in pathogen clearance without damage to the lung. Airway epithelial cells, resident immune cells (such as alveolar macrophages [AMs] and DCs), and recruited neutrophils, macrophages, DCs, and T cells all participate in the initial response to bacterial contamination of the lower airways. Given the ubiquity of exposure to potential pathogens in the environment and the frequency of aspiration of upper airway flora, these immune defenses are usually quite efficient. However, after significant aspiration of bacteria such as Pseudomonas aeruginosa, as occurs in a hospitalassociated setting, severe pneumonia associated with significant mortality often results (1, 2).
There is substantial redundancy in the signaling activated in response to pathogen-associated molecular patterns (PAMPs) released by Gram-negative rods in the airway lumen. Host cells respond to these ligands via the apical display of TLRs and induction of NF-κB-mediated proinflammatory gene expression that includes IL-6, IL-8, and GM-CSF (3-7). Shed components of P. aeruginosa, including flagella (TLR5), LPS (TLR4), and cell wall lipoproteins (TLR2), are immunostimulatory to varying extents, even if few intact bacteria gain direct access to the epithelial surface (8) (9) (10) (11) (12) (13) . After priming by LPS or other PAMPs, activation of the NLR family CARD domain-containing protein 4 (NLRC4) inflammasome by internalized flagellin stimulates caspase-1, resulting in pyroptosis -a highly proinflammatory mode of cell death associated with tissue damage -and release of inflammatory cytokines, such as IL-1β and IL-18 (14) (15) (16) (17) (18) (19) (20) (21) (22) . Both IL-1β and IL-18 have been identified as mediators of local inflammation in the lung and tissue remodeling systemically (1, 2, [23] [24] [25] [26] [27] [28] [29] .
The responses of various transgenic and knockout mice demonstrate that rapid recruitment of neutrophils into the lung is essential in clearing P. aeruginosa infection (3-7, 30-33). However, these studies do not address whether specific signaling events are associated with pathological responses in the lung. We postulated that activation of inflammasome signaling might be deleterious in the eventual outcome of acute P. aeruginosa pneumonia. The experiments described herein demonstrated that caspase-1 cleavage of pro-IL-1β and pro-IL-18 -primarily in AMs after NLRC4 inflammasome activation by flagellin -was associated with excessive pathology and that production of these cytokines was regulated by type I IFN signaling. In the setting of acute P. aeruginosa pneumonia, inhibiting inflammasome signaling significantly improved outcome.
Results
Flagellin is the major stimulus for IL-1β production in acute P. aeruginosa pneumonia. Extracellular bacterial pathogens express numerous PAMPs that evoke proinflammatory signaling. Flagella, in addition to activating NF-κB via TLR5, function as ligands for nonopsonic phagocytosis, providing an efficient mechanism for internalization of bacteria and delivery of flagellin to the inflammasome (8) (9) (10) (11) (12) (13) 34) . We compared the consequences of infection with the P. aeruginosa strain PAK (an isolate whose WT form is motile and expresses several type III-secreted toxins), fliC PAK mutants (which do not express flagella), and motAB PAK mutants (which express flagella, but do not swim) (14) (15) (16) (17) (18) (19) (20) (21) (22) 35) . Although fliC PAK was not as effectively cleared from the airway as motAB PAK and WT PAK (P < 0.05 and P < 0.01, respectively), equivalent numbers of each strain were found in the lung tissue (Figure 1, A and B) . The fliC mutants were associated with reduced mortality compared with motAB and WT PAK ( Figure 1C ) and resulted in less pathology and less positive staining for TUNEL ( Figure 1D ), a marker of both apoptotic and pyroptotic cell death (36) . Furthermore, overall lung injury was significantly reduced in lungs infected with fliC compared with WT PAK (P = 0.0307; Figure 1E ). Equivalent numbers of immune cells were recruited to the lung in response to infection with fliC, motAB, and WT PAK ( Figure 1F ). No difference in the level of IL-1β was observed in the airways of mice infected with fliC, motAB, and WT PAK; however, flagellin-induced production of IL-1β was associated with AMs, not epithelial cells, which produced similar amounts of IL-1β in response to fliC and motAB PAK (Figure 1, G-I) . Processing of pro-caspase-1 in response to PAK was dependent on the presence of flagellin in homogenized lung tissue ( Figure 1J ). Thus, P. aeruginosa expression of flagellin, while necessary for optimal bacterial clearance from the airway, was nonetheless associated with caspase-1 activation, macrophage production of IL-1β, increased tissue damage, and mortality.
Depletion of AMs decreases IL-1β signaling and improves P. aeruginosa clearance. The results in Figure 1 suggest that activation of the inflammasome in response to PAK flagella correlates with increased mortality and pathology or impaired bacterial clearance. Since IL-1β secretion from the AM, not epithelial cells, was dependent on the presence of flagella, we hypothesized that depletion of AMs would improve outcome from acute PAK infection. We used clodronateloaded liposomes to deplete AMs in the bronchoalveolar lavage (BAL); PBS-loaded liposomes served as a control. Clodronate was observed to deplete 83.5% of the AM population in uninfected mice (Figure 2A) . In infected animals, AM depletion by clodronate was observed in the airway and lung tissue (P = 0.0062 and P = 0.0379, respectively; Figure 2 , B and C). Numbers of DCs and neutrophils were not statistically different in either airway or tissue. Depletion of AMs resulted in significantly less IL-1β and IL-18 in the BAL (P = 0.0012 and P = 0.0140, respectively), which correlated with significantly improved PAK clearance from the airway (P < 0.0001) and a trend toward reduced PAK in lung tissue (Figure 2 , D-G). Mortality was significantly reduced in AM-depleted animals (P = 0.001), which did not correlate with increased dissemination of PAK to the spleen (Figure 2 , H and I). AM-depleted mice showed less lung pathology than did controls, as evidenced by better preserved architecture and air spaces, reduced TUNEL staining, and significantly reduced lung injury score (P < 0.0001; Figure 2 , J and K).
GM-CSF enhances neutrophil activity. We sought to explain how the same number of neutrophils in the airway of PBS and clodronate-treated mice could result in different efficiencies of bacterial clearance. Since increased numbers of PAK were not found in the lung tissue or in the spleen in AM-depleted mice, we hypothesized that the phagocytic capacity of neutrophils in the airway of clodronate-treated mice was increased. Indeed, neutrophils in the clodronate-treated group were significantly more phagocytic than controls, as determined by quantifying the amount of ingested GFP-labeled PAK (P = 0.0268; Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/ JCI66142DS1). Airway levels of GM-CSF were significantly increased in clodronate-treated mice (P = 0.0015; Supplemental Figure 1B ). The neutralization of GM-CSF in clodronate-treated animals reduced phagocytosis of bacteria by neutrophils, but did not increase the numbers of bacteria recovered from BAL (Supplemental Figure 1 , C-E). These data suggest that while neutrophil function was increased by compensatory GM-CSF production in clodronate-treated animals, this is not the mechanism responsible for improved bacterial clearance and reduced pathology.
Diminished IL-17 does not impair P. aeruginosa clearance in clodronatetreated mice. In addition to changes in GM-CSF, IL-1β, and IL-18, additional chemokines and cytokines, such as chemokine (C-X-C) motif ligand 1 (KC), IL-6, IL-10, and IL-17, were also significantly decreased in clodronate-treated mice (P < 0.05 for all comparisons; Supplemental Figure 2 ). Importantly, AM depletion did not alter levels of IL-1Ra, an endogenous inhibitor of IL-1β. The participation of IL-6 and IL-17 in the host response to extracellular pathogens has been well established (37) (38) (39) (40) (41) . There were similar numbers of CD11c -CD4 + cells in BAL of clodronate-treated animals; however, fewer of these were IL-17 + , correlating with substantially decreased phospho- Inhibition of the NLRC4 inflammasome improves clearance of P. aeruginosa. Flagellin induces caspase-1 cleavage of pro-IL-1β by activating the NLRC4 inflammasome (16, 18, 19) . Therefore, we hypothesized that inhibition of the NLRC4 inflammasome would improve clearance of P. aeruginosa during acute pneumonia (19) . Significantly fewer bacteria were recovered from the airways of Nlrc4 -/-versus WT mice after an 18-hour infection with PAK (P = 0.0006); however, similar numbers were observed in lung tissue (Figure 3, A and B) .
Generation of IL-1β and IL-18 from pro-IL-1β and pro-IL-18 is induced by flagellin recognition by the NLRC4 inflammasome and resultant activation of caspase-1. To confirm the involvement of caspase-1 in production of IL-1β during PAK pneumonia, mice were treated systemically with a caspase-1 inhibitor. Treated mice had significantly reduced IL-1β secretion into the airway and PAK numbers recovered from BAL (P = 0.0126 and P = 0.0221, respectively; Figure 3, C and D). Caspase-1 inhibition did not alter the nature of immune cell recruitment into the airways ( Figure 3E ). Mice treated with the caspase-1 inhibitor also had better preservation of airspaces, reduced tissue damage (as indicated by TUNEL staining), and a trend toward diminished mortality (Figure 3, F-H) . Treatment with the caspase-1 inhibitor alone did not result in tissue damage (Supplemental Figure 4A) . Improved bacterial clearance and lung pathology was not due to reduced levels of other inflammatory cytokines, such as KC and TNF (Supplemental Figure 4B) . These data indicate that signaling through the NLRC4 inflammasome interferes with optimal bacterial clearance from the airway.
Recent reports have highlighted caspase-11 as an upstream, Trif-dependent regulator of caspase-1 activation in response to certain types of bacteria (42, 43) . In vitro studies suggest no role for caspase-11 in P. aeruginosa-mediated induction of IL-1β signaling. To confirm these data in vivo, we infected C57BL/6 mice and 129S6 mice, which lack caspase-11. Similar numbers of bacteria were recovered from BAL and lung of the 2 mouse strains (Supplemental Figure 4 , C and D). Levels of IL-1β in the airway were also similar between groups (Supplemental Figure 4E) . Therefore, we conclude that in vivo caspase-11 does not play a role in PAK induction of the NLRC4 inflammasome.
Regulation of inflammasome-dependent signaling by type I IFN. Our results suggest that inflammasome activation in AM, as measured by IL-1β and IL-18, is likely to be responsible for much of the pathology associated with acute PAK infection. Previous studies using mice lacking IL-1R or treated with IL-1R antagonists indicated that IL-1 signaling contributes to the pathology induced by PA103, a nonmotile strain with upregulated type III toxin production (29) . To better establish the relationship between IL-1β production and lung damage, we studied the effect of type I IFN signaling, which regulates pro-IL-1β production, on PAK clearance (44, 45) . We confirmed the expected association between type I IFNs and IL-1β in the context of PAK infection in vitro by demonstrating that PAK induced significantly less IL-1β secretion from primary murine AMs that were pretreated overnight with type I IFN (IFN-β; 5 μg/ml) compared with PBS (P = 0.0022; Figure 4A ). Type I IFN pretreatment also showed a similar effect on IL-18 production (P = 0.042; Figure 4B ).
The relationship of type I IFN, IL-1β, and lung pathology was also observed in vivo. Even without infection, IL-1β levels were significantly elevated in the BAL of IFN-α/β receptor-null (Ifnar -/-) mice (P = 0.026) and correlated with positive TUNEL staining in the lung (Figure 4, C and D) . Stimulation of type I IFN signaling with poly(I:C) in WT mice 24 hours prior to bacterial infection inhibited IL-1β and IL-18 secretion into the BAL (P = 0.0429 and P = 0.0018, respectively), improved PAK clearance from the airway, and reduced tissue damage, as assessed by TUNEL staining (Figure 4 , E-H, and refs. [46] [47] [48] . The improved outcome could not be attributed to a reduction in either KC or TNF or to an increase in IL-1Ra (Figure 4 , I-K). Immune cell numbers in BAL after poly(I:C) pretreatment and PAK infection have previously been shown to be similar to those of PBS-pretreated animals (1, 2, 46), which suggests that the beneficial effects correlated primarily with decreased inflammasome activity, as measured by IL-1β and IL-18.
Inhibition of IL-1 or IL-18 signaling improves P. aeruginosa clearance.
The key components of inflammasome signaling, IL-1β and IL-18, both participate in discrete proinflammatory signaling cascades. To address whether these pathways are independently responsible for the delayed bacterial clearance associated with activation of the inflammasome or caspase-1, we infected mice lacking the receptor for IL-1β (Il1r1 -/-mice) or IL-18 (Il18r1 -/-mice) and observed improved clearance of PAK from the airways in both groups compared with WT controls (P = 0.0317 and P = 0.0087, respectively; Figure 5 , A and B). These data indicate that each of these cytokines contributes to impaired bacterial clearance during PAK pneumonia. Whereas immune cell recruitment was not altered in Il1r1 -/-mice compared with WT controls, more AMs were found in the airway of Il18r1 -/-versus WT mice (P = 0.026; Figure 5 , C and D). Interestingly, despite an increase in AM numbers, inhibition of IL-18 signaling resulted in improved clearance. Thus, the lung damage associated with acute PAK infection correlated with caspase-1 activity and with IL-1β and IL-18 production, but not with the numbers of recruited neutrophils or expression of other inflammatory cytokines.
Discussion
The host response to inhaled extracellular pathogens, such as P. aeruginosa and other opportunists, involves the cooperative responses of epithelial cells, pulmonary DCs, T cells, recruited neutrophils, and AMs. In the present study, we sought to determine whether specific host signaling cascades are responsible for the pathology associated with acute P. aeruginosa infection. While activation of NF-κB-mediated proinflammatory chemokines and cytokines is a widely shared response to bacterial PAMPs, stimulation of inflammasome signaling is more stringently regulated. Inflammasome signaling induced by P. aeruginosa flagella resulted in IL-1β and IL-18 production primarily from the AMs that was not only dispensable for bacterial clearance, but also associated with excessive lung pathology and increased mortality. Strategies to diminish production of these cytokines in mice by using fla- gellin-deficient bacteria, depleting AMs, increasing type I IFN signaling, inhibiting caspase-1, knocking out NLRC4, or inhibiting IL-1 or IL-18 signaling resulted in improved bacterial clearance, decreased mortality, and less pulmonary damage. Morbidity and mortality was not associated with the extent of neutrophil recruitment or the mobilization of DCs or T cells.
For extracellular pathogens such as P. aeruginosa, bacterial clearance is dependent upon neutrophil phagocytosis and killing, as the organisms do not accumulate within macrophages. Clearance of intracellular organisms such as Salmonella or Burkholderia requires induction of caspase-1-dependent pyroptosis to release sequestered bacteria from AMs and allow for neutrophil-mediated killing (3-7, 15, 49). It is unclear whether host defense against acute P. aeruginosa infection requires inflammasome activation. Instead, we observed decreased bacterial clearance and increased cytotoxicity in the lung specifically associated with the inflammasome-dependent products IL-1β and IL-18.
AM depletion was accompanied by compensatory changes in other cytokines and chemokines, including GM-CSF and components of the IL-17 pathway. An increase in GM-CSF production, most likely a product of airway epithelial cells, stimulated the phagocytic capabilities of the recruited neutrophils and likely added to the clearance of organisms (8-13, 50) . In contrast to previous reports suggesting that beneficial effects of IL-1 blockade in bacterial pneumonia are primarily due to diminished recruitment of neutrophils, our data suggest that it is the nature of the proinflammatory signaling that is important for limiting pulmonary damage, not simply the number of neutrophils found in the lung (14-22, 26, 29) . AM depletion also resulted in decreased IL-17, a cytokine that enhanced the clearance of extracellular pathogens, as confirmed in Cd4 -/-mice and in mice treated with anti-IL-17 (1, 2, 23-29, 39). However, despite the association of decreased IL-17 with AM depletion, bacterial clearance was significantly increased. This suggests that inflammasome activation, and secretion of IL-1β and IL-18, was biologically more significant than the loss of IL-17 signaling in acute P. aeruginosa pneumonia.
We were also able to demonstrate the participation of the type I IFN cascade in the regulation of IL-1β and IL-18. Type I IFNs are produced primarily by DCs in the respiratory tract and have become increasingly appreciated as an important component of innate immune defenses to extracellular pathogens, including P. aeruginosa (3-7, 30-33, 46, 51-54). Strategies to stimulate the type I IFN cascade decreased IL-1β and IL-18 production, enhanced P. aeruginosa clearance, and diminished lung damage. Thus, type I IFN regulation of the inflammasome appears to function to ameliorate pulmonary damage from infection. 1 hour prior to infection. Control mice were treated with DMSO and rat IgG for caspase inhibitor and cytokine antibody experiments, respectively. Clodronate depletion of AM was done as described previously (44, 45, 61) . BAL fluid was harvested 18 hours after infection and used to quantify immune cell populations, cytokine expression, and bacteria CFU. Histology and TUNEL staining was performed by Columbia University Molecular Pathology core on tissues fixed in 4% paraformaldehyde. 6 independent, blinded reviewers assigned each image a lung injury score from 0 (healthy) to 5 (injured). Primary nasal epithelial cells were isolated and cultured as previously described (46) (47) (48) 62) . AMs, the primary cell type recovered from uninfected BAL (>85%), were resuspended in RPMI 1640 plus 10% fetal bovine serum. Epithelial cells and AM were pretreated with LPS (50 ng/ml) overnight prior to a 2-hour infection (MOI 10).
FACS analysis. Enumeration of neutrophil (MHCII -Ly6 + ), AM (CD11c + MHCII lo ), and DC (CD11c + MHCII + ) populations was performed as previously described (46) . Antibody to CD4 (clone RM4.5; eBioscience) and IL-17A (clone eBio17B7; eBioscience) were used to identify CD4 (CD4 + CD11c -) and Th17 (IL-17 + CD4 + CD11c -) cell populations. Intracellular staining for IL-17A was done after simulation with phorbol 12-myristate 13-acetate and ionomycin (Calbiochem) in the presence of Brefeldin A (eBioscience), as previously described (41) . Cellular permeabilization and intracellular staining was done using a commercially available kit (eBioscience) according to the manufacturer's instructions.
ELISA and immunoblotting. BAL or cell free supernatant from AMs or epithelial culture was analyzed for cytokine and chemokine content by ELISA (R&D Biosystems or eBioscience) according to the manufacturer's instructions. Caspase-1 activation was monitored with antibody to caspase-1 p10 (Santa Cruz Biotechnology Inc.). Phosphorylation of STAT3 in cells recovered from BAL was detected using phospho-STAT3 (Y705; Cell Signaling) and β-actin (Sigma-Aldrich) antibodies followed by secondary antibodies conjugated to horseradish peroxidase (Santa Cruz Biotechnology Inc.). Protein separation, transfer, and immunoblotting were performed as described previously (52) .
Statistics. Significance of data was determined using a nonparametric Mann-Whitney test. For experiments with more than 1 comparison, we used a nonparametric Kruskal-Wallis test followed by post-hoc Dunn test to correct for multiple comparisons. Mortality data were compared using Fisher exact test. Statistics were performed with GraphPad Prism software; a P value less than 0.05 was considered significant. In vivo data are presented as individual points with bars representing median values; in vitro data are presented as bar graphs (mean ± SD).
Study approval. Animal experiments were performed in accordance with the guidelines of the IACUC at Columbia University (protocol no. AAAC3059).
P. aeruginosa flagella are recognized as important in pathogenesis, but were not previously associated with detrimental host responses (3, 8-13, 32, 34, 55) . Our data suggest that the established role of flagella in nonopsonic phagocytosis delivers flagellated organisms to AMs, where, upon ingestion, the flagella activate the NLRC4 inflammasome (14-22, 34, 35) . Murine epithelial cells were found to produce IL-1β in response to both WT and fliC PAK; hence, other effectors, such as type III secretion system components or pili, may be involved in epithelial signaling (16, 19, 36, (56) (57) (58) . This hypothesis is supported by a recent study in which P. aeruginosa lacking the type III secretion system stimulated less caspase-1 activation, IL-1β secretion, and neutrophil recruitment after only 4 hours of infection (37) (38) (39) (40) (41) 59 ). The contribution of the NLRC4 inflammasome in stromal cells as well as AMs was previously shown to be important for P. aeruginosa clearance, although this was in mice with a different genetic background (19, 60) . Clearance of another Gram-negative bacteria, Klebsiella pneumoniae, was also positively influenced by the presence of the NLRC4 inflammasome, although significant differences in bacterial clearance were only observed after a 48-hour infection (14, 42, 43) . Thus, additional effectors of inflammasome signaling are likely to contribute to bacterial clearance through other mechanisms.
The pathogenesis of acute P. aeruginosa pneumonia involves multiple interactions of both the organism and host immune effectors. Our data suggest that the ability of P. aeruginosa to activate the NLRC4 inflammasome-mediated production of IL-1β and IL-18 is responsible for a substantial amount of the pathology associated with acute pneumonia. Caspase-1, IL-1R, and IL-18R are potential targets to limit pathologic consequences of infection and improve bacterial clearance. As it is difficult, if not impossible, to predict which patients will become at risk for these types of opportunistic infections, preventative therapy targeted at the organism is problematic. However, in specific settings, it should be possible to modulate components of inflammasome activation in the airway, with either caspase-1 inhibition or stimulation of regulatory pathways, as shown herein. Inhibition of specific pathological inflammatory responses in the setting of acute pneumonia, as is the norm in other causes of inflammation, should provide a useful adjuvant to traditional antimicrobial therapy.
Methods
Bacterial strains. The P. aeruginosa strains PAK (WT), fliC PAK, and motAB PAK (provided by S. Lory, Harvard University, Boston, Massachusetts, USA), as well as PAK gfp (provided by M. Ulanova, Lakehead University, Thunder Bay, Ontario, Canada), were grown on LB. Plate cultures were grown at 37°C. Growth rates of WT PAK, fliC PAK, and motAB PAK did not differ (Supplemental Figure 5) .
Models of infection. 7-week-old C57BL/6 WT, Nlrc4 -/-, Il18r1 -/-, Il1r1 -/-, Cd4 -/-, or Ifnar -/-mice were intranasally inoculated with 50 μl P. aeruginosa (1 × 10 7 CFU, or 1 × 10 8 CFU for mortality), as previously described (29, 46) . WT, Cd4 -/-, and Ifnar -/-mice were bred in house, Il18r1 -/-and Il1r1 -/-mice were bought from Jackson Laboratories, and Nlrc4 -/-mice were provided by Genentech. Control mice received 50 μl PBS. Mice were pretreated i.p. with the caspase-1 inhibitor Ac-YVAD-AOM (30 μg/mouse; EMD Biosciences) or neutralizing antibodies to GM-CSF (50 μg/mouse; eBioscience), IL-6 (100 μg/mouse; eBioscience), or IL-17 (10 μg/mouse; R&D Biosystems) Pseudomonas aeruginosa flagella activate airway epithelial cells through asialoGM1 and toll-like recep-
